Improving the sarco(endo)plasmic reticulum (SR) Ca 2+ -ATPase (SERCA) function has clinical implications in treating heart failure. The present study aimed to determine the effect of constitutive activation of the SERCA pump on cardiac contractility in normal mice and during pressure-overload-induced cardiac hypertrophy.
Introduction
The cardiac sarco(endo)plasmic reticulum (SR) Ca 2+ -ATPase (SERCA), represented by SERCA2a, is involved in the re-uptake of Ca 2+ into the SR and critically determines the SR Ca 2+ content and contraction-relaxation cycle of the heart. 1,2 Phospholamban (PLN) and sarcolipin (SLN) are the key regulators of SERCA pump activity in the heart. 1 -3 The decreased expression of SERCA2a and/ or increased levels of its regulators have been attributed to the decreased SERCA pump affinity for Ca 2+ in the failing myocardium. 1 -10 Thus, various therapeutic approaches targeting SERCA2a and its regulators have been recently applied as means to rescue the failing heart. 11 -19 Overexpression of SERCA2a in myocytes isolated from end-stage failing hearts was shown to be associated with an increase in contractility. 11 Transgenic overexpression or adenovirus-mediated gene transfer of SERCA2a in animal models of heart failure and in diabetic cardiomyopathy has been shown to improve Ca 2+ handling and contractility. 12 -17 Enhancing SERCA activity by PLN ablation has been shown to improve the contractile function in failing human cardiomyocytes 18 and in acute Ca 2+ -overload-induced left ventricular (LV) dysfunction in rat hearts. 19 Together, these studies suggest that increasing the Ca 2+ affinity of the SERCA pump by either increasing the SERCA levels or decreasing the PLN levels improves cardiac function. Several other reports suggest that increasing the SERCA affinity for Ca 2+ may have potential deleterious effects on cardiac function. Chen et al. 20 showed that transgenic overexpression of SERCA2a increased the risk of acute arrhythmias and sudden death in rats. Ablation of PLN failed to rescue the cardiac dysfunction in two of the genetic mouse models of familial hypertrophic cardiomyopathy. 21 Loss of PLN in mice is well tolerated, but similar conditions in humans result in dilated cardiomyopathy and death. 22 Using adenovirusmediated expression of SERCA1a in adult rat cardiac myocytes, it has been demonstrated that a moderate level of SERCA1a expression can improve myocyte contractility. However, a higher level expression of SERCA1a can impair myocyte shortening. 23 In a mouse model, replacement of SERCA2a by SERCA2b, a high-Ca 2+ -affinity pump, in the absence of PLN resulted in severe cardiac hypertrophy, stress intolerance and reduced lifespan. 24, 25 Thus, the increased Ca 2+ affinity of the SERCA pump is not always beneficial.
Here, we hypothesized that maintaining the SERCA affinity for Ca 2+ by either PLN or SLN is necessary to maintain the cardiac function in normal conditions and during high physiological demands. To test the hypothesis, we have generated a double-knockout (dKO) mouse model for PLN and SLN and studied the cardiac function during pressure-overloaded cardiac hypertrophy.
Methods
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). All animal procedures were performed with the approval of Institute Animal Care and Use Committee (IACUC) in the UMDNJ-Newark campus in accordance with the provision of the animal welfare act, the PHS policy on Human Care and Use of Laboratory Animals. Phospholamban knockout ( pln -/ -), SLN knockout (sln -/ -) and C57/BL6 wild-type (WT) mice were used in this study. They were F3 generations of both sexes and at 4 and 12 months old.
2.1 Generation of double-knockout ( pln -/ -and sln -/ -) mice
The generation of pln -/ -26 and sln -/ -27 mice has been described previously. The pln -/ -and sln -/ -mice on a C57/BL6 background were crossed to generate the dKO mice for PLN and SLN. Genotyping of the dKO mice was carried out using PCR as described previously.
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Histopathological analysis
Sections of atrial and ventricular tissues were stained with haematoxylin and eosin (H&E) and Masson's trichrome as described earlier. 27 The myocyte cross-sectional area was measured from images captured from atrial and ventricular sections stained with Texas Red-conjugated wheat germ agglutinin, which marks membrane. Suitable cross-sections were defined as having nearly circular capillary profiles and circular-to-oval myocyte sections. The outline of 100 -200 myocytes was traced in each section. The myocyte size was determined using the Image-Pro system software (MediaCybernetics, Inc., Bethesda, MD, USA).
Western blot analysis
Total protein extracts from atria and the ventricles were used for western blot analyses as described previously. 27 Signals detected by Super Signal WestDura substrate (Thermo Fisher Scientific, Rockford, IL, USA) were quantified by densitometry and then normalized to calsequestrin levels.
SR Ca 21 uptake assays
The Ca 2+ uptake was measured by the Millipore filtration technique as described previously. 27 The rate of SR Ca 2+ uptake and the Ca 2+ concentration required for half-maximal velocity of Ca 2+ uptake (EC 50 ) were determined by non-linear curve fitting analysis using GraphPad Prism4.0 software. 
Aortic banding
Pressure overload in mice was induced by transverse aortic constriction against a 28 gauge needle as described previously. 32, 33 Corresponding sham-operated animals were used as controls. The echocardiography was performed after 2 and 3 weeks of aortic banding. The pressures in the LV and abdominal aorta were measured simultaneously using two separate 1.4French Millar catheters and the pressure gradients were calculated.
Echocardiography
In brief, mice were anaesthetized with 2.5% tribromoethanol, and echocardiography was performed using ultrasonography (Acuson Sequoia C256; Siemens Medical Solutions USA Inc., Malvern, PA, USA) as previously described.
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Statistical analysis
All data are reported as the mean + SEM of at least three independent experiments. Statistical analysis was performed with two-tailed ANOVA or Student's t-test. Significance was assigned at P , 0.05.
Results

Ablation of both PLN and SLN resulted in cardiac hypertrophy
The absence of both PLN and SLN in the dKO mice hearts was confirmed by western blot analysis using atrial tissue. As seen in Figure 1A , the expression of both PLN and SLN was completely abolished in the dKO atria. The growth and morphological appearance of the dKO mice were similar to that of WT mice. However, the LV weight to body weight (BW) ratio (WT 3.08 + 0.11 vs. dKO 4.14 + 0.14; n ¼ 10; P , 0.001) and tibia length to LV weight ratio (WT 5.83 + 0.27 vs. dKO 7.67 + 0.35; n ¼ 10, P , 0.001) were significantly increased in the dKO mice ( Figure 1B and C), indicating cardiac hypertrophy. As seen in Figure 1D and E, the myocyte cross-sectional area measured from images captured from sections stained for membranes with Texas Red-conjugated wheat germ agglutinin showed enlargement of LV myocytes from the 4-month-old dKO mice compared with that of age-and sex-matched WT control mice (WT 106 + 3.2 vs. dKO 162.2 + 8.2 mm 2 ; P , 0.005). The size of the atria and atrial myocytes from the dKO mice were not significantly different from those of WT mice (data not shown). Haematoxylin and eosin and Masson's trichrome staining showed no other apparent pathological changes in the dKO mice hearts (Supplementary material online, Fig. S1 ). 
The expression of major Ca 21 -handling proteins is not altered in the dKO hearts
Cardiac function is decreased upon ageing in the dKO mice
To determine the consequences of increased SERCA pump activity in the dKO mice, we assessed in vivo cardiac function by two-dimensional echocardiography 32,33 in 4-and 12-month-old mice. In 4-month-old dKO mice, the echocardiographic measurements showed increased diastolic and systolic septal wall thicknesses and diastolic and systolic post wall thickness, indicating ventricular enlargement. However, the LV end-diastolic dimension (LVEDD), LV end-systolic dimension (LVESD) and ejection fraction (EF) of the dKO hearts were not significantly different from the WT control hearts ( Table 1) . In contrast, in 12-month-old dKO mice, the EF (WT 68 + 0.08 vs. dKO 56 + 0.24%; P , 0.05) and fractional shortening (FS; WT 31.3 + 0.07 vs. dKO 24.7 + 1.4%; P , 0.05) were significantly reduced compared with those of age-and sex-matched WT control mice ( Table 1) .
To determine whether the reduced cardiac function was associated with altered SERCA activity, we quantified the SERCA2a expression in 12-month-old dKO mouse hearts. Our results show that the SERCA2a expression was not altered in the dKO mouse hearts (Supplementary material online, Fig. S3A ). Next, we measured the mRNA levels of cardiac hypertrophic markers such as atrial natriuretic factor (ANF), a-myosin heavy chain (a-MHC), b-myosin heavy chain (b-MHC) and a-skeletal actin in 4-and 12-month-old dKO hearts by quantitative real-time PCR. Our results showed that the mRNA levels of ANF and a-MHC were increased significantly in 4-and 12-month-old dKO hearts. The b-MHC mRNA level, which was not altered in 4-month-old dKO hearts, was significantly increased in 12-month-old dKO hearts. The expression of a-skeletal actin was unchanged in 4-and 12-month-old dKO hearts (Supplementary material online, Fig. S3B ).
The dKO mice are more susceptible to pressure overload
To investigate how the dKO mice responded to the pressure overload imposed on the heart, we applied transverse aortic constriction (TAC) in 4-month-old mice. Two weeks after TAC, the LV EF was significantly decreased in both WT and dKO mice compared with their respective sham-operated controls ( Table 2) . After 3 weeks of TAC, the LV EF further decreased significantly in the dKO mice (from 53 + 0.01 to 44 + 0.02%; P , 0.05); whereas in the WT mice, the LV EF was not significantly different between 2 and 3 weeks of TAC. In addition, the FS was significantly reduced in the dKO mice after 3 weeks of TAC. These differences between WT and dKO mice were not due to a difference in pressure gradient, which was similar between WT (99 + 9 mmHg) and dKO mice (91 + 8 mmHg) at 3 weeks of TAC. The increased ratio of LV weight to tibia length and lung weight to tibia length after 3 weeks of aortic banding in WT and dKO mice (Supplementary material online, Fig. S4 ) also indicated that TAC induced the pressure overload equally in both groups.
Discussion
A novel finding of the present study is that the constitutive activation of the SERCA pump is detrimental to cardiac function. Combined ablation of PLN and SLN enhanced SERCA pump activity but led to the development of cardiac hypertrophy. Furthermore, the enhanced SERCA pump activity did not protect the dKO mouse hearts from cycling results in myocyte hypertrophy. The abbreviated Ca 2+ transient (indicated by short T 50 ), on the other hand, suggests that it could remarkably shorten the duration of activation of the contractile proteins and contribute to the reduced contractility. Activation of b-MHC, a slower myosin isoform, in 12-month-old dKO hearts suggests that myosin isoform switching may also partly contribute to the decreased cardiac function. Gene knockouts are often associated with alterations in the expression of functionally related proteins, which could either compensate or contribute for the phenotype. Loss of PLN alone triggers a number of alterations, including decreased expression of RyR and enhanced inactivation of L-type Ca 2+ current in the ventricles. 37, 38 The protein levels of RyR, NCX and L-type Ca 2+ channel are not altered in the dKO hearts. However, alterations in the functional properties of these channels may have an effect on the cardiac function. Gene expression analyses using microarray (data not shown) indicate that there is an alteration in the expression of extracellular matrix proteins, including collagen, fibronectin, elastin and titin, in the dKO atria and ventricles (Supplementary material online, Table S1 ). These data suggest that the dKO mice are undergoing cardiac remodelling. In addition, the protein levels of phosphoinositide 3-kinase a (PI3Ka) and the phosphorylation of Akt at Ser473 were significantly decreased in 4-month-old dKO mouse hearts (Supplementary material online, Fig. S5 ). The role of the PI3Ka-Akt pathway has been implicated in adaptive (physiological) and maladaptive (pathological) hypertrophy. 39 -42 Thus, downregulation of the PI3Ka-Akt pathway and cardiac remodelling may make the dKO mice hearts more susceptible to ageing and increased haemodynamic demand during pressure overload.
In conclusion, our studies demonstrate that loss of either PLN or SLN can be compensated over time to maintain cardiac contractility, whereas the unregulated SERCA pump can lead to abnormal Ca 2+ handling and can be detrimental to cardiac contractility. The fine tuning of SERCA pump activity by PLN and/or SLN is necessary to maintain intracellular Ca 2+ homeostasis and meet the physiological demands of the adult heart.
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